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Cytokinesis in Higher Plants Minireview
L. Andrew Staehelin* and Peter K. Hepler² structure, the phragmoplast proper (Figure 1B). This
*Department of Molecular, Cellular, structure subsequently shortens in length and expands
and Developmental Biology in girth until it finally reaches the side wall (Figure 1C).
University of Colorado During phragmoplast expansion there appears to be a
Boulder, Colorado 80309±0347 shift in the organization of the MTs; whereas the initial
²Department of Biology and Program of Molecular phragmoplast cylinder arises from preexisting MTs, the
and Cellular Biology later stages of centrifugal growth appear to be driven
University of Massachusetts in part by the formation of new MTs. This conclusion
Amherst, Massachusetts 01003 gains support from the observations showing that
fluorescently-labeled tubulin readily incorporates into
phragmoplasts of live (Zhang et al., 1993) and permeabil-
ized (Vantard et al., 1990) cells, and into phragmoplastsCytokinesis is the process that leads to the production
that have been isolated (Asada et al., 1991). Moreover,of two daughter cells from one parent. In animal cells this
g tubulin, thought to be associated with regions of MTis achieved by constriction of the plasma membrane,
organization, is present in the phragmoplast in a patternwhereas in higher plants it is accomplished through a
that is biased towards the minus ends of the MTs (Liucentrifugal process which involves an expanding cell
et al., 1993).plate that must find and fuse with a predetermined zone
of the plasma membrane to produce a new cell wall. The MTs of the phragmoplast are also dynamic, exhib-
Cell walls control many aspects of plant life including iting rapid turnover (t1/2 5 60 sec) based on analysis
plant morphogenesis, which depends on the precise using fluorescence redistribution after photobleaching
placing of each new wall and careful regulation of cell (Hush et al., 1994). However, attempts to uncover a
wall expansion. Every new wall arises in the middle of directional flux, consistent with the minus end transloca-
the cell from the fusion of Golgi-derived vesicles into a tion of fluorescent tubulin in isolated phragmoplasts
thin membranous plate, the cell plate, which undergoes (Asada et al., 1991), have been negative. In living cells
an elaborate series of changes that transforms it into a the fluorescence redistributes uniformly and quickly
fully functional and integrated new wall. The structure
that gives rise to the cell plate is known as the phrag-
moplast, a complex array of microtubules (MTs), micro-
filaments (MFs), Golgi-derived vesicles, and endoplas-
mic reticulum that assembles during late anaphase and
is dismantled upon completion of the new wall. The
focus of this brief review is on recent studies that have
increased our understanding of the structure, function,
and development of the phragmoplast and its product,
the cell plate.
Phragmoplast Microtubules Are Dynamic
and Oriented with Their Plus Ends
Facing the Cell Plate
MTs are prominent components of the phragmoplast
being aligned perpendicular to the plane of the future
cell plate with their plus (or fast growing) ends overlap-
ping (Baskin and Cande, 1990; Wick, 1991). Given this
orientation one would predict that a plus-end motor,
e.g., kinesin, would generate the force that moves the
Golgi vesicles inward. A 125 kDa kinesin-like factor that
is capable of moving MTs with their minus end forward,
which is equivalent to moving vesicles towards the plus
end, has been isolated from phragmoplasts of BY2 cells
(Asada and Shibaoka, 1994). A kinesin-like protein has Figure 1. Dynamic Changes of Microtubules and Microfilaments in
also been identified in Arabidopsis and shown by immu- the Phragmoplast of Living Stamen Hair Cells of Tradescantia
nofluorescence to be associated with the phragmoplast Using intracellular microinjection to introduce the appropriate
(Liu et al., 1996). probes, microtubules (A±C) are identified through the incorporation
Developmentally, the phragmoplast MTs appear to arise of carboxyfluorescein-labeled brain tubulin, while microfilaments
(D±F) are stained with rhodamine-phalloidin. The cells were exam-from remnants of the mitotic spindle apparatus. Studies
ined by confocal laser scanning microscopy. In both instances thefrom live cells injected with fluorescently labeled brain
cells are progressing from late anaphase and show the transforma-tubulin reveal that there is a structural continuity from
tions of the cytoskeletal elements as the phragmoplast arises and
anaphase to the onset of telophase during which the expands centrifugally. The times in min:sec are as follows: panel A
phragmoplast arises (Figure 1A±C; Zhang et al., 1993). 5 0:00; panel B 5 7:41; panel C 5 24:10. For microfilaments: panel
In late anaphase the loosely splayed MTs in the interzone D 5 0:00; panel E 5 4:09; panel F 5 12:00. Bar 5 10 mm. (Adapted
from Zhang et al., 1993).coalesce laterally into a centrally positioned cylindrical
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throughout the bleached region. Given the rapid turn- (Cleary, 1995). Future progress in this area should be
aided by the use of Arabidopsis mutants, such as tonover of MTs, it is conceivable that, if flux occurs, it
and FASS, that are unable to form a preprophase bandcould be masked. Further work, particularly with caged
(Lloyd, 1995; Traas et al., 1995).tubulin, should help resolve these questions.
Membrane-Associated Ca21 Gradients AppearActin Microfilaments Form Two Opposing
to Play a Major Role in Cell Plate AssemblySets with Their Plus Ends Directed
Ca21 has long been suspected as being a regulator oftoward the Cell Plate
cell plate formation, where, by comparison with otherActin MFs are also a prominent cytoskeletal component
secretory systems, it may participate in controlling theof the phragmoplast (Baskin and Cande, 1990; Wick,
events of exocytosis. It is possible, for example, that1991). They too are aligned perpendicular to the plane
there are localized gradients of membrane-associatedof the cell plate, but in contrast to MTs they are orga-
cytosolic Ca21 which spatially control the fusion of in-nized into two opposing sets that do not overlap or
coming Golgi vesicles. Indirect evidence for local Ca21directly abut (Zhang et al., 1993). Ultrastructural analysis
gradients has been gained through studies with BAPTA-in isolated phragmoplasts of MFs that have been decor-
type Ca21 buffers, which reveal that these agents inhibitated with heavy meromyosin reveal that the barbed or
or slow plate formation (JuÈ rgens et al., 1994). The expla-plus end is directed toward the cell plate (Kakimoto and
nation for BAPTA action rests on the supposition thatShibaoka, 1988). With the plus ends being proximal, the
those buffers, whose Kd is between the high and lowMFs are also organized so that a plus end motor would
point of the putative gradient, will shuttle Ca21 fromtransport vesicles to the plane of the plate. Myosin is
regions of high ion concentration to regions of lower ionsuch a motor, and preliminary evidence indicates the
concentration, thus dissipating local gradients. Thewell-presence of myosin in the phragmoplast (Parke et al.,
known inhibition of cell plate formation by caffeine may1986).
also be explained by an effect on intracellular Ca21,Although there is considerable preexisting actin in
since recent studies of pollen tubes, which are blockedthe mitotic apparatus, those MFs associated with the
in growth by caffeine, show that caffeine causes a rapidphragmoplast appear to arise de novo in late anaphase
dissipation of the tip-focused Ca21 gradient (Pierson etclose to the proximal surfaces of the reforming daughter
al., 1996). Techniques such as ratiometric ion imagingnuclei (Figure 1D; Zhang et al., 1993). Thus two groups
should help provide direct evidence in support of the
of MFs become evident, separated by an unstained
idea that similar, caffeine-sensitive gradients are active
equatorial zone, within which the cell plate will appear.
in cell plates.
During the continuing phases of cytokinesis the MF
Fusion of Golgi-Derived Cell Plate Vesicles
complex shortens in length and expands in girth (Figures Is Mediated by Unique 20 nm
1E,F), eventually reaching the parental side walls. Actin Membrane Fusion Tubes
is thus a major part of the phragmoplast and its role Cell plate assembly starts with the transport of Golgi-
must be considered in key processes such as vesicle derived vesicles along the phragmoplast MTs and MFs
transport and cell plate alignment. to the future site of the cell plate. Understanding how
The Preprophase Band Defines a Plasma these vesicles are transformed into a cell plate has been
Membrane Zone That Becomes Depleted limited until recently by the ability of researchers to
of Cortical Actin Filaments preserve the structural intermediates for microscopical
At its inception the orientation of the cell plate is normal analysis. This problem has been overcome by the use
to the axis of the spindle apparatus, and as a conse- of high pressure freezing/freeze-substitution specimen
quence it may be highly skewed relative to the plane of preparation techniques. Of the many new transient
the mature plate. This situation is relatively common, membrane structures observed by this method (Figure
and is corrected during anaphase/telophase by a pro- 2; Samuels et al., 1995), none is more intriguing than
cess of directed intracellular motion in which the entire the fusion tube. Membrane fusion tubes are coated
phragmoplast and associated nuclei rotate to a prede- membrane tubes that have a diameter of 20 nm and
fined position, establishing the developmentally correct appear to grow out of the Golgi-derived vesicles and
division plane (Wick, 1991). The predefined position is, fuse with other vesicles in a process that rapidly con-
of course, that location along the parental wall that had verts all vesicles into a continuous, fusion tube±
been forecasted in prophase or earlier by the prepro- generated membrane network (Figure 2a). Interestingly,
phase band (PPB) of MTs. tangential views of this network often show peripheral
Insight into the nature of the PPB-marked plasma vesicles to be connected by very long (up to 0.5 mm)
membrane domain has come from several recent stud- U-shaped fusion tubes, consistent with the idea that
ies showing that actin MFs, which are dispersed fusion tubes that initially grow away from the vesicle
throughout the entire cortical cytoplasm, are aligned aggregate are somehow induced to grow back towards
parallel to the MTs at the PPB site. At the prophase/ the aggregate. The idea that fusion tubes may be gener-
prometaphase transition, when the PPB MTs degrade, ated by dynamin-like molecules (Samuels et al., 1995)
so too do the similarly positioned MFs (Cleary, 1995, has received support from the recent discovery of
and references therein). However, the cortical MFs out- phragmoplatin, a dynamin homolog, in cell plates (Gu
side the PPB site do not degrade and they remain pres- and Verma, 1996). At present nothing is known about
ent throughout division. The result is the creation of the properties of the fusion tube coat, but the high radius
an actin-depleted zone at the PPB site, which persists of curvature of the tube tip together with the stiffness
through cytokinesis, and which can be observed as the imparted by this coat would seem to aid the postulated
membrane fusion function.region to which the actin-positive phragmoplast grows
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Figure 2. Model of Cell Plate Development in
a Higher Plant Cell
Microtubule (MT), Golgi-derived secretory
vesicle (SV), ribosome-excluding phrag-
moplast matrix (M), fuzzy coat (F), clathrin-
coated membrane bud (CB), membrane fu-
sion tube (FT), zone of adhesion (ZA), plasma
membrane (PM), parent cell wall (PCW). See
text for details (adapted from Samuels et al.,
1995).
Transformation of the Fusion Tube±Generated fenestrated sheetand ultimately into a cell wall (Samuels
et al., 1995).Membrane Network into a Cell Wall
Is a Multistep Process During the centrifugal expansion of the cell plate,
which occurs at a rate of up to 1 mm per min, newCompletion of the fusion tube±generated membrane
network signals the end of the first stage of cell plate vesicles continuously arrive at and fuse with the plate
periphery, while the older and more centrally locatedformation. What follows is a series of steps that both
mechanically stabilizes the initial delicate, interwoven cell plate domains simultaneously mature as discussed
above (Figure 2d). When the cell plate reaches the sidemembrane network and then transforms it into two new
plasma membranes and a new cell wall. Mechanical wall, fusion isbrought about by hundreds of fusion tubes
that arise from the cell plate margin and fuse with thestabilization of the fusion tube±generated membrane
network appears to involve two processes: assembly of actin-depleted plasma membrane domain originally de-
marcated by the preprophase band of MTs (Samuels eta very dense fibrous coat onto the membranes, and
consolidation of the membranes into a tubulo-vesicular al., 1995).
Although virtually all of the Golgi-derived vesicles de-network (Figure 2b). In the presence of caffeine, both of
these processes are inhibited, and the delicate network liver cell wall matrix polysaccharides (hemicelluloses
and esterified pectic polysaccharides) to the formingquickly breaks up into vesicles that are eventually re-
sorbed by the cells, indicating a possible role for Ca21 cell plate, callose remains the dominant polysaccharide
until it is enzymatically removed following completionin these assembly processes (Samuels and Staehelin,
1996). of the new cell wall. Significant amounts of cellulose
fibrils, the tensile elements of plant cell walls, can onlyTransformation of the tubulo-vesicular network first
into a tubular network and then into a fenestrated mem- be detected beginning with the fenestrated sheet phase
of cell plate formation (Samuels et al., 1995). Plasmodes-brane sheet (Figures 2b-d) involves the formation of
clathrin coated buds, the deposition of callose (a b-1,3 mata, the intercellular communication channels of
plants, are also formed during this last stage of cell plateglucose polymer produced by a Ca21-activated syn-
thase; Kakimoto and Shibaoka, 1992) in the network formation.
The significant progress made in understanding thelumen, the loss of the dense membrane coat, and the
disassembly of associated MTs. Because the appear- process of cell plate formation in descriptive terms has
now set the stage for the characterization of these dy-ance of clathrin-coated buds coincides with the appear-
ance of nearby multivesicularbodies, their main function namic events at the molecular level.
appears to be the removal of excess membrane and of
selected membrane proteins targeted for destruction. Selected Reading
A possible function for callose is suggested by its depo-
Asada, T., and Shibaoka, H. (1994). J. Cell Sci. 107, 2249±2257.sition in the form of a dense coat over the lumenal sur-
Asada, T., Sonobe, S., and Shibaoka, H. (1991). Nature 350, 238±241.face of the cell plate±forming membranes. Based on
the visco-elastic properties of callose, the membrane- Baskin, T.I., and Cande, W.Z. (1990). Annu. Rev. Plant Physiol. Plant
Molec. Biol. 41, 277±315.associated callose layer could provide the spreading
force that converts the tubulo-vesicular network into a Cleary, A.L. (1995). Protoplasma 185, 152±165.
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